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Inelastic cotunneling current and shot noise of an interacting quantum dot with
ferromagnetic correlations
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We explore inelastic cotunneling through a strongly Coulomb-blockaded quantum dot attached
to two ferromagnetic leads in the weak coupling limit using a generic quantum Langevin equation
approach. We first develop a Bloch-type equation microscopically to describe the cotunneling-
induced spin relaxation dynamics, and then develop explicit analytical expressions for the local
magnetization, current, and its fluctuations. On this basis, we predict a novel zero-bias anomaly of
the differential conductance in the absence of a magnetic field for the anti-parallel configuration, and
asymmetric peak splitting in a magnetic field. Also, for the same system with large polarization,
we find a negative zero-frequency differential shot noise in the low positive bias-voltage region. All
these effects are ascribed to rapid spin-reversal due to underlying spin-flip cotunneling.
PACS numbers: 72.25.Dc, 73.63.Kv, 72.10.Fk, 72.70.+m
I. INTRODUCTION
Recently, there has been extensive investigation of
spin-dependent tunneling in nanoscale semiconductor de-
vices coupled to ferromagnetic leads1. It is well known
that transport through a quantum dot (QD) includes two
distinct mechanisms: sequential (first-order) tunneling if
the QD level is in resonance with the Fermi levels of
the electrodes, and higher-order tunneling (cotunneling)
when the QD level is far removed from resonance, with
sequential tunneling exponentially suppressed. Second-
order cotunneling in the weak tunneling regime has
already been experimentally observed at temperatures
above the Kondo temperature2. So far, most studies con-
cerning spin-polarized tunneling through a QD have been
focused on the sequential regime3,4 and on enhanced co-
tunneling in the strong tunneling regime, i.e. the Kondo-
type transport5,6. In particular, the theoretical predic-
tion of Kondo peak-splitting in a quantum dot in the
presence of parallel (P) spin-polarized leads5 has been
confirmed in recent experiments6.
In this paper, we systematically analyze cotunneling
through a strongly Coulomb-blockaded QD attached to
two ferromagnetic leads in the weak tunneling regime at
temperatures above the Kondo temperature. We develop
an explicit expression for QD magnetization, which is be-
lieved to be of essential importance in understanding the
nonequilibrium Kondo effect, albeit that the formula is
derived in second-order perturbation theory7,8. Our cal-
culation of cotunneling current predicts a novel zero-bias
peak (ZBP) of differential conductance in the absence of
a magnetic field, and an asymmetric peak splitting in
a magnetic field for the anti-parallel (AP) configuration.
Our discussion shows that these interesting features arise
from spin-flip processes which induce rapid spin-reversal.
An analogous ZBP in cotunneling was found in an ear-
lier work by Weymann9. Here our explicit analytic ex-
pressions show similar results of the peak height and its
temperature dependence as in Ref. 9.
Moreover, we present an analytical investigation of
zero-frequency shot noise in the cotunneling regime,
which has been previously studied only in the sequen-
tial regime3. We predict that the differential shot noise
at low bias-voltage region is heavily dependent on the
polarization of electrodes in the AP configuration.
The remaining parts of the paper are arranged as fol-
lows. In Sec. II, we present the physical model and
theoretical formulation used in this paper. We give the
Bloch-type dynamical equations derived from a generic
quantum Langevin equation approach10,11,12 to describe
the time evolution of the QD spin and all relevant cor-
relation functions. In Sec. III, we discuss the nonequi-
librium magnetization of the QD in detail and point out
that the spin-flip cotunneling will induce a rapid spin ac-
cumulation in the AP configuration. It is our main result
for theoretical explanation of the novel behavior of the
differential conductance and zero-frequency shot noise,
whose explicit expressions are derived based on the lin-
ear response theory in Sec. IV. Numerical evaluations
and elaborate discussions are also provided in this sec-
tion. Finally, a brief conclusions are given in Sec. V.
II. THEORETICAL MODEL AND
FORMULATION
Transport through an interacting QD with a single
energy level ǫd connected to two ferromagnetic leads is
modeled by a single impurity Anderson Hamiltonian. To
describe cotunneling through the QD in the strongly
Coulomb-blockaded regime (the on-site Coulomb inter-
action U →∞), in which the negative ǫd with ǫd ≪ |µη|
(µη is the chemical potential in lead η and the symmet-
rically applied bias voltage V has µL = −µR = eV/2) is
2satisfied, so that charge fluctuations are completely sup-
pressed, we perform a mapping of the Anderson Hamil-
tonian onto the subspace with one electron in the dot by
a Schrieffer-Wolff unitary transformation13, i.e. onto the
effective Kondo Hamiltonian12,14:
H =H0 +HI, (1)
H0 =
∑
ηkσ
εηkc
†
ηkσcηkσ −∆S
z,
HI =
∑
η,η′,k,k′
Jηη′
[(
c†ηk↑cη′k′↑ − c
†
ηk↓cη′k′↓
)
Sz
+ c†ηk↑cη′k′↓S
− + c†ηk↓cη′k′↑S
+
]
+Hdir,
Hdir =J0
∑
σ
(
c†Lkσ + c
†
Rkσ
)(
cLkσ + cRkσ
)
,
where c†ηkσ (cηkσ) is the creation (annihilation) operator
for electrons with momentum k, spin-σ and energy ǫηk
in lead η (= L,R), Sz(±) are Pauli spin operators of elec-
trons in the QD, and Jηη′ is the Kondo exchange coupling
constant. Hdir is the potential scattering term, which is
decoupled from the electron spin due to the number of
electrons in the dot level being one. As a result, this term
has no influence on the dynamical evolution of the elec-
tron spin and behaves only as a direct bridge to connect
the left and right leads and consequently to contribute
a current being independent of the dynamics of the QD.
For an Anderson model with symmetrical coupling to the
leads t, we have Jηη′ = 2J0 = t
2/ǫd.
In this paper, we consider the ferromagnetism of the
leads by means of a spin-dependent, flat density of states,
ρησ: ρL↑ = ρR↑ = (1 + p)ρ0; ρL↓ = ρR↓ = (1 − p)ρ0
for the P configuration, and ρL↑ = ρR↓ = (1 + p)ρ0;
ρL↓ = ρR↑ = (1−p)ρ0 for the AP configuration, with the
degree of spin polarization p (|p| ≤ 1) for both leads.
The spin-splitting, ∆, of the QD involves two contri-
butions: an ambient magnetic-field B-induced Zeeman
term, ∆Z = gµBB and an effective splitting, ∆P(AP) =
D
∑
η Jηη(ρη↑−ρη↓) = 2pD(JLL±JRR)ρ0, caused by fer-
romagnetic correlations of the two leads (D is the band
width of the leads). Based on this Hamiltonian, we find
that (1) the differential conductance, dI/dV of the co-
tunneling current exhibits double peaks with width 2∆p
as a function of voltage, V, for P alignment of the lead
magnetizations even without an ambient magnetic field;
(2) the peak-splitting in the dI/dV vs. V curve with-
out a magnetic field is also predicted for the AP con-
figuration only with asymmetric couplings JLL 6= JRR,
but it has a largely reduced width, 2∆AP, in comparison
with the P case; (3) in both cases the splitting can be
removed by properly tuning the direction and strength
of the ambient magnetic field, to induce vanishing of the
total spin-splitting ∆. These results provide a good qual-
itative explanation of the experimental findings in Ref. 6,
and we can further clarify this issue in that the small but
nonzero splitting found in the asymmetric AP case also
stems from the lead-magnetization-induced spin-splitting
in the QD.
We employ a generic Langevin equation approach to
analyze this system in the weak cotunneling limit10,11,12.
In our derivation, operators of the QD spin and the reser-
voirs are first expressed formally by integration of their
Heisenberg equations of motion (EOM), exactly to all or-
ders of Jηη′ . Next, under the assumption that the time
scale of decay processes is much slower than that of free
evolution, we replace the time-dependent operators in-
volved in the integrals of these EOM’s approximately in
terms of their free evolutions. Thirdly, these EOM’s are
expanded in powers of Jηη′ up to second order. To this
end, a Bloch-type dynamical equation is established to
describe the time evolution of the QD spin variable as,
S˙z = −4CP(AP)(∆)S
z + 2RP(AP)(∆), (2)
in which
CP(ω) =
π
2
(gLL + gRR) (1− p
2)Tϕ
(ω
T
)
+
π
2
gLR(1− p
2)T
[
ϕ
(
ω + V
T
)
+ ϕ
(
ω − V
T
)]
,(3a)
RP(ω) =
π
2
(gLL + gRR + 2gLR) (1− p
2)ω, (3b)
for the P configuration, and
CAP(ω) =
π
2
(gLL + gRR) (1− p
2)Tϕ
(ω
T
)
+
π
2
gLRT
×
[
(1 + p)2ϕ
(
ω + V
T
)
+ (1− p)2ϕ
(
ω − V
T
)]
, (4a)
RAP(ω) =
π
2
(gLL + gRR) (1− p
2)ω
+πgLR(1 + p
2)ω + 2πgLRpV, (4b)
for the AP configuration, with gηη′ ≡ J
2
ηη′ρ
2
0 and ϕ(x) ≡
x coth(x/2). Once again, we observe that the direct tun-
neling term has no contribution to dissipation of the
QD spin variables. Throughout, we will use units with
~ = kB = e = 1.
Based on the dynamical equation, Eq. (2), we iden-
tify the cotunneling-induced spin relaxation rate as
1/T
P(AP)
1 = 4CP(AP)(∆), which stems completely from
spin-flip events involving both single-barrier processes
[Fig. 3(c)-(h) in Ref. 12] and double-barrier processes
[i.e. electron-transferring (ET) processes] [Fig. 3(m)-(p)
in Ref. 12]. For the case of fully spin-polarized leads
(p = ±1) in the P alignment, cotunneling is unable to flip
the electron spin in the QD, thus implying that there is
no spin relaxation, i.e. 1/TP1 = 0 [C(R)P = 0 at p = ±1
from Eq. (3a)]. For this case, we also have S˙z = 0, mean-
ing that the QD spin orientation remains unchanged from
its initial state. In contrast to this, in the case of fully AP
spin-polarized leads, spin relaxation rate is nonzero and
it arises solely from ET events [Fig. 1(c) and (d) below].
III. NONEQUILIBRIUM MAGNETIZATION
The nonequilibrium local magnetization, Sz∞P(AP), of the
QD in P(AP) configuration is readily obtained using the
3steady-state solution of Eq. (2) as
Sz∞P (∆, V ) =
RP(∆)
2CP(∆)
=
(
gLL + gRR
2
+ gLR
)
∆
T
(gLL + gRR)ϕ
(
∆
T
)
+ gLR
[
ϕ
(
∆+ V
T
)
+ ϕ
(
∆− V
T
)] , (5)
Sz∞AP (∆, V ) =
RAP(∆)
2CAP(∆)
=
gLL + gRR
2
(1 − p2)
∆
T
+ gLR(1 + p
2)
∆
T
+ 2gLRp
V
T
(gLL + gRR) (1− p
2)ϕ
(
∆
T
)
+ gLR
[
(1 + p)2ϕ
(
∆+ V
T
)
+ (1− p)2ϕ
(
∆− V
T
)] .(6)
The P magnetization formula, Eq. (5), is identical with
previous theoretical results for normal leads7,8,12, and it
is worth noting that the polarization of the reservoirs is
fully reflected in the effective spin-splitting, ∆P. If an
ambient magnetic field is applied to induce vanishing of
the spin-splitting, ∆ = 0, we have Sz∞P (0, V ) = 0.
However, the local magnetization in the AP configura-
tion is significantly different. Our calculated results are
shown as functions of bias-voltage in Fig. 1. The rele-
vant parameters in our calculations are: gLL = gRR =
gLR = g = 0.25×10
−2; D = 10 (corresponding to Kondo
temperature TK = 4.5 × 10
−5D and ∆P = 0.2pD), and
the temperature is T/D = 0.002. In the absence of an
external magnetic field, Sz∞AP is a two-valued function,
±p/(1 + p2) if |V |/T ≫ 1, and zero net spin of the QD
occurs only at V = 0 when p 6= 0 [Fig. 1(a)]. Nonzero lo-
cal spin is generated by the application of a bias-voltage,
indicating spin accumulation in the QD under nonequi-
librium conditions, and its orientation is rapidly flipped
when the direction of the bias-voltage is reversed. This
interesting behavior can be physically explained by spin-
flip elastic cotunneling processes, as shown in Figs. 1(c)
and (d). If V > 0 [Fig. 1(c)], the dominant cotunneling
process is: first a spin-down electron in the QD tunnels
out to the right lead, then a spin-up majority electron
successively enters into the QD. This process continually
pumps spin-down electrons out of the QD, while injecting
spin-up electrons into the QD, giving rise to an up-spin
pileup, until a steady-state is reached. On the contrary,
for V < 0, the reverse process takes place, causing a
down-spin accumulation [Fig. 1(d)]. Another interesting
consequence of this spin-flip cotunneling is the appear-
ance of a sharp peak at V = 0 in the ∂S
z
∂V
vs. V curves,
which leads to a novel ZBP in differential conductance
for the AP configuration, as shown in Fig. 2(b). Simple
calculation shows that the peak height of ∂S
z
∂V
at V = 0
is proportional to the polarization p of electrodes, but is
inversely proportional to the temperature T :
∂SzAP
∂V
∣∣∣
V→0
=
p
4T
. (7)
While for |V |/T → ∞, we have
∂SzAP
∂V
= 0. These two
relations are useful in analyzing ZBP height of differential
conductance. The temperature behavior of ∂S
z
∂V
is shown
schematically in Fig. 3(a) in the following section.
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FIG. 1: Nonequilibrium QD magnetization, Sz, vs. bias-
voltage, V , for the AP configuration at (a) ∆Z = 0, and (b)
∆Z 6= 0. Insets:
∂Sz
∂V
vs. V curves. (c) and (d) ET spin-flip
cotunneling processes.
A finite ambient magnetic field splits the peak in
∂Sz
∂V
into two peaks at V = ±∆ with unequal heights
[Fig. 1(b)]. This occurs because spin-flip cotunnel-
ing becomes an energy-consuming (inelastic) process in
a nonzero magnetic field, thus requiring a sufficiently
strong external bias-voltage for activation. According
to Eq. (6), the spin-reversal takes place approximately
at ∆/V = −p. Moreover, the application of a positive
magnetic field makes the cotunneling shown in Fig. 1(c)
prevail over that in Fig. 1(d). Correspondingly, the peak
at V = ∆ is suppressed, but the peak at V = −∆
is significantly enhanced if p > 0. The spin reversal
property discussed above has potential for application in
quantum computing and quantum information process-
4ing. Finally, in the absence of a bias voltage, the lo-
cal magnetization reduces to the equilibrium expression
Sz∞P(AP)(∆, 0) =
1
2 tanh(∆/2T ).
IV. CURRENT AND SHOT NOISE
The tunneling current operator of the QD is defined
as the time rate of change of charge density Nη =∑
kσ c
†
ηkσcηkσ in lead η: Jη(t) = N˙η. From linear-
response theory we have
I = 〈Jη(t)〉 = −i
∫ t
−∞
dt′〈[Jη(t), HI(t
′)]−〉0, (8)
where the statistical average 〈· · · 〉0 is performed with re-
spect to two decoupled subsystems, QD and reservoirs.
Nonequilibrium quantum shot noise is another active
subject in mesoscopic physics, because the current cor-
relation function can provide further information about
electronic correlations which is not available from con-
ductance probes alone15,16. The noise spectrum is de-
fined as the Fourier transform of the current-current cor-
relation function, Sηη′(τ), and it too can be calculated
using linear-response theory:
Sηη′(ω) =
∫ ∞
−∞
dτeiωτ
1
2
〈[δJη(t), δJη′(t
′)]+〉0, (9)
with δJη(t) = Jη(t)− 〈Jη(t)〉.
Considering that the interaction Hamiltonian HI in
Eq. (1) contains two components, the direct tunneling
term Hdir (the direct tunneling channel) and the cotun-
neling term (the indirect tunneling channel), we can di-
vide the current and shot noise into three contributions,
I = I0 + Id + I in, (10a)
SLL(ω) = S
0
LL(ω) + S
d
LL(ω) + S
in
LL(ω), (10b)
due to the indirect channel, direct channel, and the in-
terference effect between the two channels, respectively.
After lengthy but straightforward calculations, we ob-
tained explicit expressions for steady-state cotunneling
current and for frequency-independent auto-correlation
shot noise via the indirect channel:
I0P/πgLR = (1 + p
2)V + 2(1− p2)V + 2TSz∞P
×(1− p2)
[
ϕ
(V −∆
T
)
− ϕ
(V +∆
T
)]
, (11a)
SP,0LL (0)/πgLR = (1 + p
2)Tϕ
(V
T
)
+ (1 − p2)T
×
[
ϕ
(V −∆
T
)
+ ϕ
(V +∆
T
)]
− 4Sz∞P (1− p
2)∆,(11b)
for the P configuration, and
I0AP/πgLR = (1− p
2)V + [(1− p)2(V −∆)
+(1 + p)2(V +∆)] + 2TSz∞AP
×
[
(1− p)2ϕ
(V −∆
T
)
− (1 + p)2ϕ
(V +∆
T
)]
,(12a)
SAP,0LL (0)/πgLR = (1− p
2)Tϕ
(V
T
)
+T
[
(1 − p)2ϕ
(V −∆
T
)
+ (1 + p)2ϕ
(V +∆
T
)]
+2Sz∞AP [(1 − p)
2(V −∆)− (1 + p)2(V +∆)],(12b)
for the AP configuration. Further elaborate analy-
ses clarify that the first linearly bias-voltage-dependent
terms in Eqs. (11) and (12) result from spin-conservative
ET cotunneling processes, whereas spin-flip ET events
are responsible for the other contributions12. It is note-
worthy that the first terms on the right hand sides of
Eq. (11a) [(12a)] and Eq. (12a) [(12b)] obey the nonequi-
librium fluctuation-dissipation (NFD) relation, while the
other two terms represent the generalized NFD relation
due to energy-consumption cotunneling processes17. The
direct tunneling yields18:
IdP/πgLR = 4
g0
gLR
(1 + p2)V, (13a)
SP,dLL (0)/πgLR = 4
g0
gLR
(1 + p2)Tϕ
(V
T
)
, (13b)
for the P configuration, and
IdAP/πgLR = 4
g0
gLR
(1− p2)V, (14a)
SAP,dLL (0)/πgLR = 4
g0
gLR
(1− p2)Tϕ
(V
T
)
, (14b)
for the AP configuration with g0 = J
2
0ρ
2
0 = gLR/4. Be-
cause the direct tunneling is a spin-conservative process,
it only interfere with the non-spin-flip cotunneling pro-
cesses. The interference effect thus contributes to the
current and shot noise only for the P configuration:
I inP /πgLR = 16
√
g0
gLR
pSz∞P V, (15a)
SP,inLL (0)/πgLR = 16
√
g0
gLR
pSz∞P Tϕ
(V
T
)
. (15b)
Setting p = 0, we obtain the cotunneling current formula
for the normal-lead/QD/normal-lead system [Eq. (36) in
Ref. 12]19, and the corresponding frequency-independent
shot noise SLL(0) is given by [S
z∞ = Sz∞P ]:
SLL(0)/πgLR = 2Tϕ
(V
T
)
− 4Sz∞∆
+T
[
ϕ
(V −∆
T
)
+ ϕ
(V +∆
T
)]
.(16)
We plot the differential conductance, GP(AP) =
dIP(AP)
dV
(in units of 4πg), and the tunnel magnetoresistance,
TMR=(GP − GAP)/GAP, vs. bias-voltage in Fig. 2.
For the P alignment, we find a characteristic jump at
V = ±∆ even at zero ambient magnetic field, ∆Z = 0,
due to the lead polarization-induced spin-splitting, ∆P.
But for spin-polarized leads with larger polarization,
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FIG. 2: Differential conductances and TMRs as functions of
bias-voltage under zero (a)-(c) and nonzero (d)-(f) external
magnetic fields for various polarizations p. The other param-
eters are the same as in Fig. 1.
p = 0.8 and p = 1 in Fig. 2(a), the peak-splitting dis-
appears, as can be understood from the fact that the
spin-flip process can hardly (p = 0.8) or fully not (p = 1)
occur in these specific cases, thus no additional chan-
nel is opened for ET even when V ≥ ∆, in compari-
son with smaller polarization p < 0.812. For the case of
vanishing spin-splitting ∆ = 0, the linear conductance,
G0P =
dIP
dV
|V→0, is readily given by
G0P/πg = 4. (17)
On the contrary, for the AP configuration, a ZBP
emerges. Obviously, this behavior stems mathematically
from the sharp peak in ∂S
z
∂V
around V = 0 [Fig. 1(a)]
according to Eq. (12a). Consequently, one can conclude
that the underlying rapid spin-reversal due to spin-flip
elastic cotunneling is responsible for the novel ZBP from
a physical point of view. With the help of Eq. (7), we
obtain the linear conductance, G0AP =
dIAP
dV
|V→0, as
G0AP/πg = 3 + p
2 − 16Tp
∂SzAP
∂V
∣∣∣
V→0
= 4(1− p2). (18)
We can also calculate the differential conductance GAP
at the limit of V/T →∞:
G∞AP/πg = 3 + p
2 − 8pSzAP|V→∞ =
4(1− p2)
1 + p2
. (19)
It is easy to see that G0AP > G
∞
AP is always satisfied,
which reflects the ZBP. Moreover, the relative height x
of the ZBP is defined as
x =
G0AP −G
∞
AP
G∞AP
= p2, (20)
which is exactly the same as the result in Ref. 9. Fur-
thermore, we examine the temperature dependence of the
ZBP as shown in Fig. 3(b). It is found that increasing
temperature will enhance the width of the ZBP, but re-
duce the peak height a bit, which is qualitatively consis-
tent with the numerical calculations in Ref. 9 [see their
Fig. 1(b)]. Interestingly, the novel ZBP in the AP con-
figuration is robust over a rather wide region of temper-
ature. It is worth emphasizing that our investigation is
valid for the cotunneling through a strongly Coulomb-
blockaded QD (U → ∞) in the weak-tunneling limit,
thus the contribution of the charge fluctuation effect is
completely excluded in the present analysis. We believe
that this is the reason for the difference between our anal-
ysis and the numerical calculations of Ref. 9.
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FIG. 3: Temperature dependences of ∂S
z
∂V
(a) and differen-
tial conductance (b) as functions of bias-voltage in the AP
configuration with zero magnetic field and p = 0.5.
In combination with the peak-splitting in the P con-
figuration, the ZBP in the AP configuration will cause a
deep dip in TMR at V = 0, as shown in Fig. 2(c). Analo-
gously, an ambient magnetic field leads to peak-splitting
since inelastic spin-flip cotunneling requires sufficient en-
ergy for activation. Contrary to the P alignment case, the
two peaks in dIAP
dV
have unequal heights due in part to
the asymmetry in ∂S
z
∂V
with nonzero ∆Z [Fig. 1(b)]. Cor-
respondingly, the magnetic field changes the behavior of
TMR [Fig. 2(f)].
Richly detailed structures are observed in the differ-
ential zero-frequency shot noise, dS
dV
, as shown in Fig. 4.
Differing from the differential conductance, the resulting
QD spin-splitting causes an additional step structure in
dS
dV
with equal (P) and unequal (AP) heights [Fig. 4(a),
(c), and (d)]. Simple algebraic calculation gives:
dSP
dV
∣∣∣
V→0
=
dSAP
dV
∣∣∣
V→0
= 0, (21)
dSP
dV
∣∣∣
V→∞
= 4 > 0, (22)
dSAP
dV
∣∣∣
V→∞
=
4(1− p2)
1 + p2
≥ 0, (23)
at ∆ = 0. Generally, the zero-frequency shot noise will
always increase with increasing bias-voltage. However, a
contrary phenomenon is predicted in our calculation for
the case of the AP alignment leads with large polarization
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FIG. 4: Differential zero-frequency shot noise as a function of
bias-voltage with zero (a), (b) and nonzero (c), (d) external
magnetic fields for various polarizations p. The other param-
eters are the same as in Fig. 1.
p: the differential shot noise changes sign near V = −∆.
This behavior can also be ascribed to the rather sharp
peak in ∂S
z
∂V
due to large p, i.e. to rapid QD spin-reversal.
In Fig. 5, we also examine the temperature dependence
of the differential shot noise at ∆ = 0. It is seen that this
behavior is more pronounced for higher temperature.
−1 −0.5 0 0.5 1
−1
−0.5
0
0.5
1
10V/D
dS
/d
V
−1 −0.5 0 0.5 1
−0.2
−0.1
0
0.1
0.2
0.3
10V/D
T/D=0.002
0.004
0.008
0.01
(a) (b)
AP
p=0.2 AP
p=0.8
FIG. 5: Temperature dependencies of differential shot noise
as functions of bias-voltage in the AP configuration without
external magnetic field for p = 0.2 (a) and p = 0.8 (b).
V. CONCLUSIONS
In summary, we have applied a quantum Langevin
equation approach to derive a Bloch-type equation micro-
scopically for analytical studies of inelastic cotunneling,
which we have carried out in detail, determining the lo-
cal magnetization, current and its fluctuations, in a single
QD attached to two ferromagnetic electrodes. Our stud-
ies reveal a number of interesting novel characteristics
intimately related to spin-flip processes in the AP config-
uration: 1) a ZBP of the differential conductance at zero
external magnetic field; 2) asymmetric peak-splitting in
the presence of a nonzero magnetic field; and 3) decreas-
ing shot noise near V = −∆. In addition, we have found
that these characteristics are robust against temperature.
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